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TECHNICAL NOTE NO. 1820 

-ARALYSISOFSTD?FERED TEIXKBEAMUEBS 

By L. Ross Ievin and Charles W. Sandlin, Jr. 

SUMMARY 
. 

A previously published method for the strength analysis of stiffened 
beam webs,, with particular attention to computing crippling failure of the 
uprights, has been revised and exteided to apply to beams with ratios of 
applied shear to buckling shear less than 2.5. A ccqarison of this 
revised method with the results of tests of thick-b beams is presented. 
The results in this paper concerning the procedures for calculating the 

_ critical shear stresses and for predicting foroed crippling failure in 
the uprights supersede NACA Tm No. 1364. Formulas and graphs applying 
to'the pacts of the strength+malysis method which have been revised are 
presented. 

INTRODUCTION 

Published methods for strength analysis of stiffened beam webs are 
of doubtful accuracy for beams with thick webs. Kuhn and Peterson suggested 
in reference 1 that the methods of that paper be limited to beams with ratios 
of web depth to web thickness greater than 200 but less than 1500 and ratios 
of upright to web thicWess greater than 0.6. At that time there were very 
little experimental data to check the accuracy of these strength-analysis 
methods when applied to thicker webs, and the data that were available 
indicated sox~ possibility that the strength-anslysis methods of refe> 
ence 1 would not be satisfactory for thicker webs. 

The present investigation was undertaken to determine the accuracy 
that might be e2cpected fircan the strength-analysis formulas of reference 1 
when applied to beams with ratios of web depth to web thiclmess of 
approximately 115. As a result of this investigation some parts of the 
method in reference 1 were modified in order to obtain a method of 
strength snalysis which would be satisfactory for thick-web beams as well 
as for thin-web beams similar to those of reference 1. The present paper, 
therefore, supersedes the sections of reference 1 which give the 
procedures for calculating the critical shear stresses and for predicting 
forced crippling failure in the uprights. 
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SYMBOLS 

cross~eotional area, square inches 

rivet factor 
( 

Ret area along line of holes 
Gross area along line of holes 

Young's modulus, ksi 
. 

moment of inertia, inches 4 

force, kips 

static moment about neutral axiti of 
F 

s of croes section 
as specified by subscript, in&es 

coefficient of edge restraint (see formula (2)) 

transverse shear force, kips 

spacing of uprights, inches 

distance from median plane of web to centroid of (single) 
upright,. inches 

depth of beam, inches (see Special Combinations) 

diagonsl-tension factor 

thickness inches (used without subscript signifies thic3mess 
of web 5 

centroidal radius of gyration of cross section of upright about 
axis parallel to web, inches (no sheet should be included) 

normal stress, ksi 

shear stress, ksi 

plasticity reduction factor (ratio of critical shear stress In 
the plastic region to the critical shear stress that would 
be obtained if the material were wholly elastic) 

. 

. 

Subscripts: 

F flange 

U ~~~~lghtl 

. 
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W web 

talc calculated 

cr critical 

8 effective 

g gross section of web 

msx Iusxinrum 

meas measured 

lilt ultimate 

Special Combinatians: 

hc 

43 

hU 

%S 

Rdj Rh 

3 

internal force In upright, kips 

clear width between uprights (measured between rivet lines on 
single uprights, measured between edges of uprights for 
double uprights), inches 

clear depth between flanges, inches 

depth of beam laeasured betveen oentroids of flanges, inches 

length of upright measured between centroids of upright-to- 
flange rivet patterns, inches 

theoretical buckling coefficient for plates with simply 
supported edges 

restraint coefficients for edges of sheet along flanges and 
upright, respectively (If d, > h,, substitute hc for G, 

dc for hc, Rd for Rh, and Rh for Rd.) 

"basic" allowable stress for forced crippling of uprights 
(valid for stresses in upright material below proportional 
limit in compression), ksi 

_ flange flexibility factor (oJ(j~9 acre Ic 

and I 
T are moments of inertia, about their own axis 

. perpendicular to web, of compression flange and tension 

flange, 
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The test specimens were 2&S-T3 aluminum-alloy beams with a ratio 
of-web depth to web thickness -of approximately 115. The ratios of 
stiffener spacing to-web depth were approximately O.ii5 and 0.70. Both. 
singl+upright-and doubl~~ight beams were tested. . 

Each beam was given a code deeignation which parallels the 
designation used in reference 1. For example beamV%2&3 has the 
f ollowlng meaning : 

V designates the present series of tests (series I, II, III, and TV 
were published in reference 1) 

12 is the approximate depth of the beam in inches 

4 is the number of the beam within the series 

S stands for single uprights (D for double uprights) 

The nominal dimensions of the beams and the details of the construction 
are shown in figure 1. The actual properties of each beam are given in 
table 1. 

The specimens were tested as simply supported besms in the jig shown 
in figure 2, which supported the beams laterally but did notrestrain the 
bending of the beam. The flangesof the beam were supported by closely 
spaced vertical bars resting on rollers (not visible in the -photograph) that 
allowed each bar to move parallel to the plane of tM web as the beam 
deflected. 

TEST PROCEIXJKE 

c 

Buckling loads for the web were determined by vieual observation of' 
the webs and by measuring the strains in the uprights with resistance- 
type-wire strain gages. There should not be any strain in the utiights 
until the critical shear stress is reached; h&ver,becatie the webs had 
slight initial eccentricities, some strain in the uprights usually occurred 
as soon as any load wae applied. The bu6kiing load Gas determined by 
plotting the measured strain in the uprights against the ahear load on the 
beam; the point at which the load-strain plot for-the upright--departed from 
a straight line was taken as an Indication of buckling in the web. The 
critical shear stress in the web was computti from t-his buckling load by 
the formula - 
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This formula gives the average shear stress in the web according to the 
engineering theory of bending. 

RESKLTS AND DISCUSSION 

The results of the investigation are shown in table 2. Fxperimental 
buckling loads and failing loads are recorded. The failures were either 
forced crippling of the uprights or web rupture. Analysis of the present 
tests by the methods of reference 1 indicated that critical shear stresses 
and allowable upright stresses predicted by these methods were not 

sufficiently accurate for beams with thin uprights CT< +.3) and thick 

webs COW 113). Methods, which give satisfactory results for thick-b 

beams as well as for beams similar to those of reference 1 > 0.6 

and2OO+l~CO, 
) 

sre discussed for computing the critical shear 

stresses snd the allowable upright stresses. 

Critical Shear Stress 

The formula for the critical shear stress of the web was given in 
reference 1 as 

2 
vcr=kssEt Rh+ ()[ dc 

k (Rd -Rh,($)j ' 
2 

A plot of this equation for a panel with four simply supported edges 
(Rh and Rd equal to 1.0) is shown as figure 3. A comparison of the 
experimental critical shear stresses with the critical shear stresses 
computed by formula (2), using the restraints R given by the empirical 
curves In reference 1, indicated that the values of R given in refe+ 
ence 1 are satisfactory for webs with double uprights, but are too high 
for webs with single uprights and tu t c1.3. Values of the restraint 

coefficient Rh for single uprights were computed from the experimental 
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critical shear stresses and were used to establish the curve shown in 
figure 4. The curve for double uprights shown in figure 4 is the S~EI 
as the curve given in reference 1. 

If the critical shear stress computed by formula (2) is beyond the 
elastic range of the material, the stress must be corrected for-the 
reduced value of the modulus. In reference 1 critical stresses in the 
plastic range were obtained by drawing tangents to the elastic curve 

from a, 
Lt at t=O* 

These curves are shown in refe;rence 1 for a 

panel with simply supported edges. In order to obtain the critical 
shear stress in the plastic range for any other set of edge conditions 
or any other material, a sepx.rate set of curves must be drawn. 

Reference 2 presents a method of computingfr~the stress-strain 
curve of the material the plasticity reduction factor TJ, which is the 
ratio of the critical shear stress in the plastic region to the critical 
shear stress that would be obtained if the material were wholly elastic; 
that is, . 

~cr(plastic) = q~,,(elastic) 

If formula (2) is substituted for T&(elastic), the expression for the * 
critical shear stress in the plastic region is 

(3) 

The critical shear stress in the plastic range may be obtained by 
C~puting T:cr/q from formula (3) and then reading 7cr from figure 5, 
which shows vcr as a function of vcr q. / If the critical shear stress 
computed from formula (3) is plotted as a function of d&, the curve in 

a, the plastic range is practically a straight line and intersects t = 0 

at. T as39 ksi. Formula (3), for practical purposes,givee the same line 
as that obtained by drawing a tangent to the elastic curve from vult-, 
because 'fult is between 37 ksi and 42 ksi. (See reference 3.) 

The calculated critical shear stresses bassd on restraint R obtained 
from figure 4 and the measured critical shear stressss for both singls- 
upright and double+qxright-beams are shown in table 2.. The ratios of 
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measured critical stress to calculated critical stress vary from 0.77 
to 1.21. These calculated values of Tcr are probably adequate for the 
purpose of determining the diagonal-tension factor k; better results 
probably cannot be obtained so long as the restraint R is represented 
only as a function of t&t, because representing R by this function 
only is an sxtrems simplification of a complex problem. 

The application of formulas (2) and (3) and the restraint curvss 
of figure 4 to beams with thin uprights may give critical shear stresses 
lowsr than those that would be obtained if the presence of the uprights 
were disregarded entirely and if Tcr were computed for a web bounded 
by the flanges and the root and tip bays of the beam. This result was 
obtained because the value of T cr for a panel between two uprights was 
assumed to be the same as the value of Tcr for an individual pgsel bounded 
by edge members of the 88918 size as the flanges and uprights. Actually, the 
adjacent panels in the beam have an appreciable effect on one another. In 
beam V--12--12g the value of Tcr’ obtained by disregarding the uprights was 
higher than the value obtained by assuming that the uprights divided the web 
into sspe;rats panels. The observed 7cr was 61 percent grsater than the 
calculated -rcr if the yeb was assumed to be dividsd into separate panels 
by the uprights, but only 21 percent greater than the calculated 7cr if 

the presence of the uprights was disregarded entirely. In practice Tcr 
must be calculated by both methods for beams with thin uprights and the 
highsr value ussd, because the ratios t/do. and d/h will be different 
for the two conditions and because no general rules seem to exist that 
predict which method would give the higher value of Tcr. 

Forced Crippling Failure in Uprights 

Four types of failure of uprights are discussed in reference 1; but 
only one, forced crippling failure of the uprights, was observed in the 
present tests. General elastic instability failure of the web and 
uprights sssms to be the only other typs of upright failure likely to 
occur in thick--web beams. 

The shear buckles in the web force the buckling of the upright.in the 
leg attached to the web. The amount of the forced crippling (buckling) 
depends upon the relative sturdiness of the upright and web. In refe* 

snce 1 formulas for forced crippling were based on the parameter k &J/t. 
If k was lese than 0.5, an effective value of k was used. Use of 
this mter in the present test of thick-b beams indicated that it 
was not satisfactory. The allowable stresses were too low if k itself 
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wac used and too high if ths effective k was used. Much better agree- 
ment with the pressnt tests of thick--web beaw and aboutthe ssms agree- 
msnt for the tests in reference 1 were obtained by using the parameter 

This paramstsr also sliminated the necessity for using an 

effoctivs value of k. 

Figure 6 ia a plot ofthe values of- 9~ 
r.xuix' 

computed from the loads 

on the beams at-failure, for all the singls-upright beama of the present 
investigation and for all the single-upright bsamc shown in figures 22 
and 23 of reference 1. (The beama shown in figs. 22 and 23 of rsfsr- 
encs 1 represent about 90 beams test& by four manufacturers and 32 beams 
tested by NACA.) ThB stresses au wsrs computed with ths aid of the 

analysis chart offigure 7. This z covsrs the low rang3 of Au,/dt 

and T/Tcr that is not-shown in the analysis charts of reference 1. Ths 
points shown in figure 6 are fairly evenly distributed about the average - CIITVS 

2-t 1 
QO 

= 32k3 2 3 
0 t 

The curvs reccamnendsd for design is given by the formula 

(4b) 

and is about 20 percent below the average curve. only two pdnte fall 
definitely below this design curvs. The lowest of these points 

point at---u6 = 10.6 ksi and = 0.63 
max > 

was computed from 

the failing load for ons of the manufacturerls beam tests. The NACA 
constructed and tsstsd a .duplicats of the beam tested by the manufacturer. 
In the NACA investigation a local buckle developed in the outstanding 
leg of ons of the uprights at a load approximately 11 percsnt above the 
failing load given by the manufacturer; the NACA beam continued to carry 
load until ths load was about 73 percent above the failing load given by 
ths manufacturer. At this load two local bucklse developed in each 
stiffener and the edges ofths stiffeners startsd to crack at these bucklsa. 
No detail information about-the behavior of the ms.nufactursr*a beama was 
furnishsd but-the behavior was probably similar to that observed in the 
NACA teat; the manufacturer might have interpreted the first buckle in 
the upright as failure and mads nn f'urther.attsmpt to apply more load. 
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The upper curve on figure 6 is 20 percent above the average curve. 
One of the points in the present series of tests falls above the curve, 
and most of those from rsfersncs 1 that were more than 23 percent above 
ths average curvs when ths parameter k&F was used are still above 
the 20-psrcsnt line in figure 6. 

Figure 8 shows all ths data now available for double uprights using 

the paramster k 

uprights is 

The formula for the average curve for double 

9, 

0 

3 

=0 

=27k t 

(54 

Ths formula for the recommended design curve for double uprights is 

(5-b) 

Non3 of the tests points for the beams with double uprights is below ths 
recommended design curvs and only one point is more than 20 percent above 
the average'cwe. 

In the present tests the ratio of the actual failing loads to the 
predicted failing load ranged from 0.90 to 1.14. 

In reference 1 it was suggested that the formula for computing the 
sffsctivs area of single uprights 

Aus = 
% 

'2 l+ = 
6) 

might not bs satisfactory for thick--wab beams, because the simplifying 
assumptions implied by this formula may not be justified. These implied 
assumptions are: 

(a) Ths eccentricity 3 of the loah on the upright is constant 

(b) The ratio e/p is not changsd appreciably if the contribution 
of the web to the effective cross section of the upright 
is neglected 
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Assumption (a) is plauaibls if-.ths uprights ars very closely spaced 
bocauss the web then movss with th8 uprights (reference 4). Assumptfon (b) 
would not-seem to be justified for thick-b b8amej however, for low values 
of the ratio T /TCr a largs difference tn the total effective arsa of the - . 
upright causes only a small change in cu and, thsrefore, satisfactory 
results are obtained. A study of the analysis chsrt in figure 7 will 
help to explain this fact3 the curves approach a vertical line as the 
ratio T/Tcr decreases. 11 

Web Failures 

The avsrags nominal shear stress in the wsb was computed by formula (1); 
the peak value of the nominal shear stress in the wsb for predicting web 
rupture was computed by the formulas of rftfsrence 1. Critical shsac - 
stresses wsrs computed from formulas (2) and (3) by means of the restraint 
coefficients given in figure 4. The allowable values of the peak shear 
stress in. the web, which are shown in figure 9, wers obtained from 
reference 5. Ths values are based on tests of long webs subjected to 
loads approximating pure shearand contaw an allowancs for the rivet _ 
factor; this factor may be included because tests have shown that the 
ultimate shear stress on the gross section is almost constant in the 
normal rang3 of rivet factor (cr > 0.6). 

In the six thick-b beams which failed by web rupture, the ratio 
of actual failing load to predicted failing load ranged from 0.92 to 1.18. 
This degree of accuracy is approximately the SEJJB as that obtained for the 
thinner beams 

( 
200 -ch ;<15cB 

> 
discussed in reference 1. All these 

comparisons are based on actual material propertiss. 

CONCLUDING REMARB 

The methods of predicting the critical shear stresses, forced 
crippling failures of the uprights, and rupture of the webs presented are 
applicable to stiffsnedpsam‘wsbs with ratios of web depth to wsb thicbsss 
between 115 and 1500. The accuracy of these msthodc ifi about the ssms as 
that of the methods presented in NACA TN No. 1364.whic.h were applicable 
only to beamu with ratios of wsb dspth to wsb thickness between 200 
and 1500. 

Langley Aeronautical Laboratory 
National Advisory Committws for Aeronautics 

Langley Air Force Base, Va., December 16, 1948 
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Section A-A Secfion A-A 
Double uprights Single uprights 

-557 
Figure I.-Dimensions of test beams. 
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Figure 2.- Teet jig;. 
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Figure 3.0 Buckling stresses rcr for plates with 
simply supported edges. E= 10,600 ksi l 
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Figure 4.- Empirlcal restraint coefficients 
for calculating web buckling stress. 
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Flgure6.- Stresses in single uprights at failure caused by forced crippling. 
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